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Fractional experimental designWet granulation of microcrystalline cellulose (MCC) has the objective of minimizing particle losses caused by
elutriation in compression and coating processes. The MCC physical properties suggest the conventional
ﬂuidized bed as adequate for the granulation process; however, literature reports the occurrence of poor
ﬂuidization dynamic (preferential channels and dead zones) during this particle ﬂuidization. This work
reports the granulation of MCC in vibroﬂuidized bed, using aqueous solution of maltodextrin (35%) as binder.
A fractional experimental design (25−1) was developed to assess the inﬂuence of process variables:
amplitude and frequency of vibration, atomization pressure, inlet air temperature, and granulating solution
ﬂow rate on the responses: particle growth, angle of repose, lump index and mass of elutriated particles. The
results showed an increase of the Sauter mean diameter related to the original value from 3.17 to 33.11%,
conﬁrming the granulation of the material. The granules obtained revealed good ﬂowability and low lumps
index. The levels of independent variables that resulted in a higher reduction of elutriation were the same
ones that provided the highest growth of the particles.sevier OA license.© 2010 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Granulation is a unit operation with the objective of increasing
particle size through incorporation of active and/or inert materials. It
is used to improve ﬂowability, solubility and material instantaneous
ability, to produce particles of desired sizes, and moreover to facilitate
their handling. Particle granulation in conventional ﬂuidized beds
consists on spraying a binding agent (granulating liquid) into a
ﬂuidized bed of particles. First, the wetting of the particles occurs and
particles start to join by means of liquid bridges, nucleating the
agglomerates or granules. Latter, the agglomerates are created by the
drying of binding agent. This mechanism takes place when bond
strength induced by liquid bridges among the particles is higher than
separation strength caused by collisions and friction in the bed [1–4].
Nevertheless, the spraying of binding agent and the formation of
liquid bridges sometimes result in dynamic instability for conven-
tional ﬂuidized beds, such as: dead zone and preferential channels,
moreover, “lumps” or undesirable huge agglomerates can appear. As a
result, the process is damaged and the air ﬂuidization velocity should
be increased tomaintain dynamic stability [3,5,6]. Aiming tominimize
these problems, this work proposes to use the vibroﬂuidized bed for
particle granulation, whose conﬁguration consists of a modiﬁcation in
conventional ﬂuidized bed by applying mechanical vibration to bed.
The vibration may facilitate the ﬂuidization regime maintenance bybreaking and/or avoiding the formation of the huge agglomerates,
preferential channels, and improving the circulation rate of the
particles. The wide use of this type of equipment began in the 1980s
for drying, calcination, polymer coating, etc. [7–9]. The use of
vibroﬂuidized bed as granulator is recent and therefore there are
few registers in the literature about this topic [10].
MCC is obtained from hydrolysis of acid cellulose where its
amorphous regions are attacked and changed, resulting in a highly
crystalline material with different degrees of crystallinity, which can
be inﬂuenced by the raw material source used. MCC is widely used as
emulsiﬁer, pharmaceutical excipient (tablets or capsules) and
additive in foods. It is a white, odorless and ﬁne powder that presents
low chemical reactivity, with excellent compactibility at low
pressures [11–15]. The granulation of this material is important to
avoid the losses occurring by elutriation during compressing and
particle coating processes. Dry MCC is classiﬁed in group B of Geldart
classiﬁcation [16], but when this material is submitted to wet
granulation in conventional ﬂuidized beds, a similar behavior of
cohesive particles of group C is obtained. The moisture in the interior
of the bed, caused by spraying of the binding solution in a granulation
process, is responsible for this type of change in the material behavior
[16–18].
The goal of this study was to assess the MCC granulation in
vibroﬂuidized bed with an aqueous solution of maltodextrin (35%).
For the experiments, a fractional experimental design (25−1) was
developed to identify the inﬂuence of process variables: amplitude
and frequency of vibration (vibration parameters), atomization
pressure, inlet air temperature and granulating solution ﬂow rate on
455S.S. Costa et al. / Powder Technology 207 (2011) 454–460the process performance and product quality through the responses:
particle growth, mass of elutriated MCC, angle of repose and lump
index.
2. Materials and methods
2.1. Materials
The experiments were conducted using MCC particles (MC-500),
supplied by Blanver Farmoquímica Ltda from Brazil. The material had
the following characteristics according to the supplier: insoluble in
water and partial soluble in alkalis, pH between 5.5 and 7.0, andmean
aerated density of 450 kg/m3.MCCwas stored in a dry area to keep the
raw material original properties.
The granulating solution was preparedwithmaltodextrinMor-Rez
1910® (supplied by CornProducts Brasil — Ingredientes Industriais
Ltda) and distilled water with a mass proportion of 7:20. The
maltodextrin had equivalent dextrose (ED) between 9.0 and 12.0,
low hygroscopicity, solubility in cold water, and viscosity and aspect
similar to saccharose. Maltodextrin is often used as mass sweeteners,Fig. 1. Experimental system: vibroﬂuidized bed and the highlighting atomization system.
1. Blower
2. Cooler
3. Globe valve
4. Static Pressure
5. Oriﬁce plate
6. Silica gel bed
7. Electrical heater
8. Plenum chamber
9. Mobile camera
10. Cylindrical bed
11. Frames
12. Vibration mechanism
13. U-tube manometer
14. Cyclone
15. Atomizer nozzle
16. Line of compressed air
17. Valve
18. Manometer
19. Solution recipient
20. Peristaltic pump
21. Tablein chewy candies, cereal bars, supplements for athletics, instant
mixes, etc. This binding agent was chosen based on preliminary
experiments developed by Cunha et al. [18].
The vibroﬂuidized bed, in laboratory scale, projected and devel-
oped by Moris [19] was used in the ﬂuid dynamics and MCC
granulation tests. The experimental conﬁguration developed by the
author was changed in this work by including the atomization system
(a line of compressed air and one of the granulating solution coupled
to a double-ﬂuid atomizer nozzle), as in Fig. 1.
The vibroﬂuidized bed consists of a transparent acrylic cylindrical
tube (10) having 0.50 m of height and 0.10 m of internal diameter; the
equipment is ﬁxed on the table (21) by frames (11). The table is
tightly ﬁxed on the ﬂoor to maintain the vibration system steady. The
vibration system (12) is eccentric and consists of an electrical motor
where the rotation velocity is controlled by means of a belt and a
vibrational axis which works from 0 to 4×10−2 m. Vibration is
imposed on the gas distribution plate and its frequency is measured
during the experiments by an optical tachometer (model Photo
Tachometer of Extech Instruments Corporation, USA) that works from
5 to 1000 rpm or from 1000 to 10,000 rpm, at a distance from 0.05 to
Table 1
Inlet variables for the experimental design, 25−1.
Level −1 0 +1
A (m) 0.01 0.015 0.02
f (Hz) 3 4.5 6
Pat (Psig) 5 10 15
T (°C) 60 70 80
Q (ml/min) 4 7 10
456 S.S. Costa et al. / Powder Technology 207 (2011) 454–4600.15 m, depending on available light. The gas ﬂow rate supplied by a
blower (1) is adjusted by a globe valve (3) that is located after a
cooling system (2) that is used to operate the equipment at ambient
temperature. Pressure taps at the ﬂuidization air line (4), oriﬁce plate
(5), and bed are connected to U-tube manometers (13). The plenum
camera (8) which serves to improve the air distribution in the particle
bed is made from stainless steel. A perforated plate having hole
diameters of 10−3 m and fractional open area of 5% is used as gas
distributor. This gas distributor plate moves by means of a sinusoidal
drive mechanism, which insures harmonic vibration of the plate. A
mobile camera (9) made of a resistant transparent plastic is located
above the plenum camera to facilitate vibration in the vertical plane by
means of the eccentricmechanism. The particles dragged are collected
by the cyclone (14).
The atomization system consists of a compressed air line (16)
where air passes at a ﬂow rate deﬁned by the valve (17), and its
pressure is measured by amanometer (18). Themaltodextrin solution
is stored in a recipient (19) and kept under constant agitation by using
a magnetic stirrer. The solution is transported by a peristaltic pump
(20) Masterﬂex® (model L/S 7523-20) until the double-ﬂuid
atomizer nozzle (15) (model 1/8 JBC SS + SU11 SS from Spraying
Systems Ltda).
2.2. Methods
2.2.1. Granulation methods
The granulation tests were carried out as follows: 0.3 kg of MCC
wasweighted and submitted to sieve analysis usingmeshes 35, 48, 60,
65, 80 and 200. Afterwards, thematerial was put inside the acrylic bed
(Fig. 1) and vibration, temperature and air ﬂow rate were activated
simultaneously. When the deﬁned temperature was reached,
corresponding to the experimental design, the spraying of granulating
solution (maltodextrin 35%) was activated immediately and a
chronometer was started.
The spraying of solution was kept activated while the material
remained ﬂuidizing and moving well. For some conditions of the
experimental design, the spraying was turned off and chronometer
paused when modiﬁcations in the bed dynamics were visually
observed (formation of preferential channels and dead zones). The
other parameters, such as vibrational parameters, air temperature and
ﬂow rate were maintained during the intermittence of the solution
spraying. Atomization of the solution was restarted when steady
ﬂuidization was restored (transparency of the equipment permitted
visual observation of the particles inside the bed). The time for
ﬂuidization restoring was not the same for all the experimental
conditions; but the total time of spraying was ﬁxed for all the runs.
When the total time of spraying was reached, the peristaltic pump
was turned off, and the material was removed for storage and
analysis.
In this work it was not used any quantitative variable to indicate
the moment of switching off the spray. However, some methods of
identiﬁcation of ﬂuidization regime are presented in the literature
that could be implemented in the case of an industrial operation.With
these methods, identiﬁcation of deﬂuidization is made previously and
air ﬂow rate or granulating solution ﬂow rate are manipulated to
maintain the dynamic regime stable [20–22].
2.2.2. Experimental design
A fractional experimental design of resolution V was developed to
characterize the process performance, that is, to determine the
directions of critical variables and adjust such factors aiming to
optimize the responses chosen. According to Box et al. [23], when the
number of variables is big (nN4) it is possible to obtain the desired
information by just one fraction of a complete experimental design
(2n).Thus, a fractional experimental design (25−1) was carried out with
two levels,−1 (minimum) and +1 (maximum), and four repetitions
at the central point. The ﬁve inlet variables were: amplitude (A) of
vibration, frequency of vibration (f), inlet air temperature (T),
maltodextrin solution ﬂow rate (Q), and atomization pressure (Pat).
The inlet air velocity (0.30 m/s), total time of spraying solution
(10 min) and the height of atomizer nozzle (0.13 m) remained
constant during the experiments and they were determined in the
ﬂuid dynamics and granulation preliminary tests [24]. Table 1 shows
the inlet variable values applied in the fractional experimental design.
The responses analyzed were: particle growth (G), mass of
elutriated particles (Me), angle of repose (αr), and lump index (Ilump).
2.2.3. Characterization of the particles
Particle physical properties determinations are very important
because they may affect the material behavior during storing,
handling and processing. Among the particle properties, granulo-
metric distribution and angle of repose are widely studied in the
literature [25–28]. For the MCC granules, such properties were
quantiﬁed before and after granulation.
For the granulometric distribution determination some standard
sieves of Tyler series were utilized (meshes 35, 48, 60, 65, 80, and 200
before granulation and meshes 28, 35, 48, 60, 65, 80, and 120 after
granulation) with a sieve shaker model Produtest from Produtest
Indústria Brasileira, Brazil. The reference diameter adopted was the
Sauter mean diameter (Eq. (1)), which was also used to calculate the
particle growth (Eq. (2)).
dS =
1
∑ni
Xi
dpi
ð1Þ
where: dS=Sauter mean diameter; Xi=mass fraction of particles
retained in each sieve; dpi=mean diameter between superior and
inferior sieves.
Gð%Þ = d
S
a−dSb
dSb
ð2Þ
in which: dbS and daS=Sauter mean diameter before and after
granulation, respectively.
The lump index was also calculated for each experimental run and
determined by Eq. (3), in which the mass of lumps was here deﬁned
as the mass of particles retained in a sieve of diameter 1.41 mm
(1410 μm).
Ilumpð%Þ =
Mlumps
Mt
⋅100 ð3Þ
The mass collected by cyclone (mass of elutriated particles) after
granulation is given in percentage as Eq. (4) andwas quantiﬁed by the
same precision scale Ohaus, model GT 4000, series 5634 used in all
masses determinations of this work. All masses in Eqs. (3) and (4) are
given on dry basis.
Með%Þ =
Me
Mt
⋅100 ð4Þ
Table 2
Flowability classiﬁcation according to the angle of repose.
Source: Jong et al. (1999).
Flowability Angle of repose
Non-ﬂowing N60°
Cohesive N60°
Fairly free ﬂowing 45°–60°
Free ﬂowing 30°–45°
Excellent ﬂowing 10°–30°
Aerated b10°
Fig. 2. MCC granule for A=0.01 m; f=3 Hz; Pat=5 Psig; T=60 °C; Q=10 ml/min;
(run 1). Magniﬁcation 40×.
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Karl Fischer titrationmethod. The average of threemeasurements was
adopted as themoisture content for the lumps, the elutriated particles
and the total mass of raw MCC loaded to the bed.
The angle of repose was obtained by slip of the ﬁrst particle layer
after drum rotation (rotation drum method) [26,29,30]. The material
ﬂowability was classiﬁed as shown in Table 2.
3. Results and discussions
3.1. Statistical analysis of the experimental design
The effects of the inlet variables, amplitude of vibration (A) and
frequency of vibration (f), inlet air temperature (T), maltodextrin
solution ﬂow rate (Q) and atomization pressure (Pat) on the responses
were analyzed by using the software Statistica® 7.0. The data
treatment was performed based on the criterion of pure error and
considering 95% of conﬁdence level. The experimental matrix and the
responses obtained are presented in Table 3.
3.1.1. Particle growth (G)
The results in Table 3 show a wide range for particle growth
varying from 3.18% (for run 14) to 33.11% (for run 1). For run 1, which
resulted in the highest growth, the bed presented difﬁculty to ﬂuidize
and formation of preferential channels was observed within 6 min of
spraying the granulating solution. This behavior was not observed in
the run that resulted in the lowest growth, for which a stable
vibroﬂuidized bed remained during the whole test. The dynamic
instability of run 1was due to themaximum level of solution ﬂow rate
andminimum levels of atomization pressure and air temperature that
resulted in high moisture inside bed. And, the lowest particle growth
of run 14 was attributed to the very small droplets formed at high
atomization pressure, high temperature and low solution ﬂow rate,Table 3
Experimental matrix and results for the response variables.
Run A f Pat T Q G (%) Me (%) αr (°) Ilump (%)
1 −1 −1 −1 −1 +1 33.11 2.76 11.0 0.57
2 +1 −1 −1 −1 −1 10.25 4.67 9.7 3.06
3 −1 +1 −1 −1 −1 7.83 6.05 10.9 2.28
4 +1 +1 −1 −1 +1 17.73 5.84 10.2 1.74
5 −1 −1 +1 −1 −1 8.32 5.60 10.0 1.24
6 +1 −1 +1 −1 +1 13.04 3.45 9.5 1.46
7 −1 +1 +1 −1 +1 22.39 36.85 9.6 0.85
8 +1 +1 +1 −1 −1 11.85 27.67 8.4 0.92
9 −1 −1 −1 +1 −1 9.15 4.16 12.0 5.24
10 +1 −1 −1 +1 +1 16.47 10.55 9.4 1.42
11 −1 +1 −1 +1 +1 9.70 2.98 9.8 1.01
12 +1 +1 −1 +1 −1 11.21 4.88 8.4 1.90
13 −1 −1 +1 +1 +1 8.91 2.33 11.5 1.87
14 +1 −1 +1 +1 −1 3.18 4.70 11.2 1.04
15 −1 +1 +1 +1 −1 10.22 42.70 10.7 1.33
16 +1 +1 +1 +1 +1 14.99 4.63 10.0 0.13
17 0 0 0 0 0 12.05 4.19 10.2 2.52
18 0 0 0 0 0 10.37 6.34 10.3 0.57
19 0 0 0 0 0 9.15 3.77 9.5 0.16
20 0 0 0 0 0 10.40 5.39 9.8 0.70and to the fast drying of these droplets, not contributing with particle
agglomeration. Figs. 2 and 3 show the MCC granules obtained from
run 1 and in natura.
Comparing the results obtained in this workwith the ones found in
Silva et al. [17] and Silva and Rocha [31] using conventional ﬂuidized
bed, it can be observed that the vibroﬂuidized bed enhanced the
process performance, leading to much higher values of microcrystal-
line cellulose particle growth. For the maximum particle growth, the
authors obtained 14.8% and 17.5%, respectively. Cunha et al. [18]
obtained results of growth in the same range of this work (5.54% to
35.42%); however, the authors used a modiﬁed ﬂuidized bed with
draft tube and a specially designed gas distributor plate.
All the works previously mentioned [17,18,31] reported inter-
mittences of coating suspension/solution during the process to avoid
the ﬂuidized regime collapse. It is important to highlight that for some
conditions of the experimental runs (runs 2, 3, 5, 8, 9, 11, 12, 14, 15,
16, 18 and 19 of the experimental design) using the vibroﬂuidized
bed, it was not necessary to stop the maltodextrin solution ﬂow rate,
showing the advantage of vibration to improve the bed dynamics and
consequently the process performance.
Fig. 4 shows the Pareto chart illustrating the isolated variables and
their interactions, which are statistically signiﬁcant for particle
growth. Note that the major effect on this response was the solution
ﬂow rate. The same result was also observed by Hu et al. [28] by using
a ﬂuidized bed granulator, operating in batch, for granulation of a
formulation under development by Johnson and Johnson Pharma-
ceutical Research and Development (JJPRD), where microcrystalline
cellulose was used as ﬁller. The effects of combinations of Q with the
inlet air temperature and frequency of vibration were also statistically
signiﬁcant. In the ﬁrst case, the combination T⁎Q, caused a negativeFig. 3. MCC before granulation process. Magniﬁcation 40×.
Fig. 4. Pareto chart for particle growth.
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effect also was obtained for the combination f⁎Q.
These inter-related effects explain the bed dynamic behavior
visually observed for the maximum level of solution ﬂow rate, where
the drying of the granule was not efﬁcient due to excessive moisture
and low temperature of the bed. This favored the preferential
channels formation which was broken by vibration of the bed when
spraying was interrupted.
The second major effect was the combination of frequency of
vibration (f) and atomization pressure (Pat), whose effect was
positive. This behavior showed that rising the combination of f and
Pat favored the maximization of particle growth. Physically, this effect
was observed with the atomization pressure in the lower level of the
fractional experimental design, which contributed to create bigger
drops of the granulating solution that can reach a larger number of
particles [18]. In this way, elutriation is reduced, as can be seen also in
Fig. 5, by the positive effect of atomization pressure regarding results
of mass of elutriated particles.
Concerning the vibrational parameters, isolated effects were not
signiﬁcant for particle growth. Considering the combination A⁎ f,
whose effect is positive, particle growth is increased when this
combination is ﬁxed at the maximum condition (+1) of the fractional
experimental design. Visual observations during the experiment at
low amplitudes indicated difﬁcult mixture of the particles inside the
bed, thus particles join more easily, especially at lower temperatures.
Chen et al. [32] also observed this behavior analyzing particleFig. 5. Pareto chart for the percentage of elutriated mass.agglomeration degree in the drying of ammonium perchlorate using
a vibroﬂuidized bed dryer.
3.1.2. Mass of elutriated particles (Me)
The mass collected by the cyclone was predominately small. Only
runs 7, 8 and 15 showed elutriated material percentage above 20%.
This was due to the combination of frequency of vibration with
atomization pressure, which was the most signiﬁcant interaction for
the response, Me. In this case, the combination of such variables had
positive effect. It means that the percentage of elutriated material
increased for the two inlet variables at the maximum fractional
experimental design condition (+1). Run 16 also had such combina-
tion; nevertheless, interactions with the other inlet variables avoided
an excessive particle dragging. Fig. 5 shows the Pareto chart for the
percentage of elutriated mass.
According to Fig. 5, the interaction A⁎Q is the only combination
that did not present signiﬁcant inﬂuence on the response, which also
did not present signiﬁcant inﬂuence on the particle growth (see
Fig. 4).
Continuing with the analysis on Me, the solution ﬂow rate
presented a negative effect, on the contrary to what occurred for
the particle growth. This suggests that an increase in the solution ﬂow
rate, Q, decreased particle elutriation, because the particles became
wet and heavier, favoring agglomeration of the ﬁne particles and,
thus, decreasing the response Me.
And, the vibrational parameters were statistically signiﬁcant, both
alone and combined (A⁎ f) for the percentage of elutriated mass. The
effect was negative, again contrary to what was observed in the
results for particle growth. As for the individual effects, Fig. 5 shows
that particle elutriation is minimized by rising amplitude and
decreasing frequency of vibration. This analysis reveals the impor-
tance of the vibration parameters on particle granulation, since the
ﬁne particles dragged into the cyclone would take part and accelerate
the granulation process.
3.1.3. Angle of repose (αr)
The angle of repose was another response assessed and Fig. 6
shows the Pareto chart for it. The analysis of Fig. 6 shows that the
isolate variables, amplitude and frequency of vibration, and the binary
combination Pat⁎T presented statistic signiﬁcance for the response.
The inﬂuences of the isolate variables, amplitude and frequency of
vibration, were negative. This indicates a decrease of the angle of
repose at higher amplitude and frequency.
The lowest angle of repose obtained from factorial experimental
design was 8.4° (aerated), which corresponded to runs 8 and 12,Fig. 6. Pareto chart for angle of repose.
Fig. 8. Distribution granulometric curve for A=0.02 m; f=3 Hz; Pat=15 Psig;
T=80 °C; Q=4 ml/min (run 14).
Fig. 9. Distribution granulometric curve for A=0.01 m; f=6 Hz; Pat=15 Psig;
T=60 °C; Q=10 ml/min (run 7).
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supporting the statistical analysis.
The combination of P⁎T is also statistically inﬂuential for response
αr and based on Fig. 6, the lowest angle of repose is reached by
decreasing such combination.
Although it was veriﬁed that the operating conditions inﬂuenced
signiﬁcantly the angle of repose, the range obtained for all the tests
was from 8.4° to 12°, therefore, granulated MCC can be classiﬁed as
having excellent ﬂowability (see Table 2).
3.1.4. Lump index (Ilump)
The lump index (Table 3) did not present good reproducibility, as
can be veriﬁed by the results of runs 17 to 20 at the central point. Also,
probably because of this, no inlet variable or their interactions showed
statistic signiﬁcance for this response.
The range of lump index obtainedwas from 0.13 to 5.24%. They are
very small values compared to the mass of particles fed in the bed
(0.3 kg). The lumps were formed from maltodextrin solution
accumulation with some MCC particles around the atomizer nozzle
as observed visually, and not from agglomeration and interaction
among particles inside the bed.
Concluding, it is important to say that the effects of the inlet
variables: amplitude and frequency of vibration, atomization pres-
sure, inlet air temperature and solution ﬂow rate over the response
variables: particle growth, mass of elutriated particles, angle of
repose, and lump index must be assessed as a whole because they
belong to a surface. After this ﬁrst exploratory research, a next step
would involve canonical analysis and/or optimization statistic
techniques.
3.2. Granulometric distribution
The material size distribution was performed to compare the size
ranges of the granules, before and after the process. The curves of size
distribution of experimental runs 1 and 14 are shown in Figs. 7 and 8.
These tests are shown as examples, and they represent the greatest
and the lowest particle growth, respectively.
In Fig. 7, it is possible to observe that there was a reduction in the
mass fraction of particles at the interval from 125.5 μm to 273.5 μm
and an increase from 358.5 μm to 648 μm. It shows clearly the particle
growth; on the other hand, Fig. 8 shows similar mass fractions for the
same diameter intervals before and after granulation, that generated
distribution granulometric curves practically coincident.
Other important comparison to be made is between runs 7 and 8.
Run 7 resulted in the highest quantity of elutriated particles, but even
with smaller quantity of particles in the bed at the end of the process,
a reasonable growth of 22.39%was obtained. By contrast, run 8, which
resulted in the second bigger quantity of elutriated material,
presented a little more than half of the former growth, 11.85%. TheFig. 7. Distribution granulometric curve for A=0.01 m; f=3 Hz; Pat=5 Psig;
T=60 °C; Q=10 ml/min (run 1).reason for this difference is that the low amplitude and high
maltodextrin solution ﬂow rate of run 7 favored the agglomeration
and particle growth. Figs. 9 and 10 illustrate the size distribution for
these both runs.
For all the cases analyzed, even for the lowest growth, disappear-
ance of particles in the range of 125.5 μm to 273.5 μm, as well as
appearance of particles (agglomerates) in the range of 507.5 μm and
648 μm was veriﬁed, demonstrating the MCC granulation.4. Conclusion
MCC particle granulation in vibroﬂuidized bed proved to be
feasible, resulting in disappearance of particles of 125.5 μm to
273.5 μm and appearance of agglomerates from 507.5 μm toFig. 10. Distribution granulometric curve for A=0.02 m; f=6 Hz; Pat=15 Psig;
T=60 °C; Q=4 ml/min (run 8).
460 S.S. Costa et al. / Powder Technology 207 (2011) 454–460648 μm; moreover particle relative growth based on Sauter mean
diameter was between 3.17% and 33.11%.
Intermittence of the granulating solution was not necessary for
some conditions of the experimental design, showing the advantage of
the vibroﬂuidized bed over the conventional ﬂuidized bed to improve
particle dynamics and consequently the process performance.
The fractional experimental design 25−1 exposed the variables
and their combinations that had signiﬁcant inﬂuence (at 95%
conﬁdence level) on MCC granulation in vibroﬂuidized bed.
For the response particle growth, the critical process variables are:
solution ﬂow rate (Q); inlet air temperature (T); atomization pressure
(Pat); and the combinations f⁎P, T⁎Q, A⁎T, A⁎ f, and f⁎Q.
The percentage of mass of elutriated particles was very low inmost
of the experiments, showing the advantage of the vibroﬂuidized bed
to treat small particles. Only the combination A⁎Q did not inﬂuence
signiﬁcantly the percentage of elutriated mass.
As for the angle of repose, higher amplitude and frequency of
vibration led to its reduction, favoring the material ﬂowability for the
experimental conditions of this study. Also, an appropriate condition
of Pat⁎T may be evaluated, as these last variables, when isolated,
presented inﬂuence on the granule growth.
Concerning the response lump index, none of the ﬁve variables
analyzed or their interactions presented statistically signiﬁcant
effects.
Nomenclature
αr Angle of repose (°)
A Amplitude of vibration (m)
dp Mean diameter (μm)
dS Sauter mean diameter (μm)
f Frequency of vibration (Hz)
G Particle growth (%)
Ilump Lump index (%)
MCC Microcrystalline cellulose
Me Mass of elutriated particles (kg)
Mlumps Mass of lumps (kg)
Mt Mass of particles fed in bed (kg)
Pat Atomization pressure (Psig)
Q Maltodextrin solution ﬂow rate (ml/min)
T Inlet air temperature (°C)
X Mass fraction of particles (%)Acknowledgement
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